A correlation between the amplitude of the electrochromic absorption changes measured at 480 nm and 520 nm and the size of the photosynthetic unit is found. Three tobacco mutants which differ with respect to their photosynthetic unit size exhibit decreased amplitudes of the electro chromic absorption changes which parallel the size of the photosynthetic units. Under these con ditions the ATP-yield per flash is unaffected by the photosynthetic unit size. From this it is deduced that the correlation between the amplitude of the electrochromic absorption change and the photosynthetic unit size is due to the fact that the number of pigments undergoing an electro chromic bandshift is proportional to the total pigment content. As the influence on the electro chromic effect at 520 nm is too pronounced as to be simply explainable by the variation of the carotenoid content in the different mutants it is inferred that either structural effects leading to a modification of the carotenoid orientation in the mutants or an indirect influence of chlorophyll on the electrochromic bandshift which depend on the number of chlorophyll molecules are responsible.
Introduction
Among the various light induced absorption changes reflecting different types of molecular events of the photosynthetic apparatus those peaking at 480 nm (negative) and 520 nm (positive) are use ful indicators of the electrical potential gradient across the thylakoid membrane (for review s. ref. 1 -3 ) . This indicator effect based on electrochromic bandshifts is widely used for the analysis of elec trical phenomena in thylakoid and chromatophore membranes.
These electrochromic absorption changes are kinetically labelled by their sensitivity to ionophores which enhance the membrane per meability selectively for specific ions. In this way the difference spectrum of the electrochromic ef fect was obtained for the whole visible ra n g e 4.
On the basis of this spectrum and by comparison with in vitro capacitor model system s5 it was in ferred that practically all types of bulk pigments (chlorophyll a and b, carotenoids) undergo electroRequests for reprints should be sent to Priv.-Doz. Dr. G. Renger, Max-Volmer-Institut für Physikalische Chemie und Molekularbiologie der Technischen Universität Ber lin, D-1000 Berlin 12.
A bbrev.: PSU, Photosynthetic Unit. chromic bandshifts. However, measurements on bacteria mutants led to the conclusion, that only a fraction of the total carotenoids contribute to the observed bandshift and that this pool is indistin guishable by spectroscopic m ethods6. As tobacco mutants are available, whose photosynthetic units, i. e., the num ber of bulk pigments per reaction center, can be selectively modified in their size 7' 8, it seems to be worthwhile to investigate a possible correlation between the magnitude of the electro chromic effect and the bulk pigment content in chloroplasts of these plants.
The present measurements show, that the total amplitudes of the absorption changes at 480 nm and 520 nm, induced by single turnover flashes, cor relate with the size of the photosynthetic units. The results indicate that the fraction of the bulk pig ments contributing to the overall electrochromic effect is dependent on the total chlorophyll content. A possible explanation of this phenomenon will be given in the light of a recent m odel16.
M aterials and Methods
The isolation of photochemically active stromafree swellable chloroplasts from N icotiana tabacum var. John W illiams Broadleaf (JWB) is described in ref. 7, 9. The same procedure has been applied for the isolation of the chloroplasts from the tobacco m utants Su/su, Su/su var. Aurea (in previous papers referred to as Su/su2) and Consolation var. Aurea. The chloroplast preparations were used for the as say within 1 h after grinding the leaves.
The reaction mixture under phosphorylating con ditions (referred to as coupling conditions) con tained chloroplasts ( 1 0 Excitation: white flashes (~2 0 / / s duration) at a repetition rate of 1 Hz. In the ATP-experiments additionally a continuous background illum ination of the same intensity and bandwidth as the detecting light beam for the absorption changes at 520 nm was applied. The absorption changes of the electrochromic effect were detected by a flash-spectrophotometer as is described in ref. 11. Excitation with short flashes (~ 20 jus) at a repetition rate of 1 Hz passed through a cut-off filter Schott RG10. 128 signals were averaged in a Fabri-Tek, model 1062. The electrical bandwidth ranged from 0 -15 kHz.
The intensity of the measuring light beam was 100 -300 erg -cm-2 *s_1, optical bandw idth 5 nm, optical path length 1.3 mm. All experiments were performed at room temperature (20 °C ) .
Results and Discussion
For a correlation between the num ber of the bulk pigments and the amplitude of the electrochromic absorption changes the measured optical signals are normalized to the num ber of electron transport chains (rather than to the total chloro phyll content of the chloroplasts). In Table I the mean size of the photosynthetic units, measured as the average oxygen yield per single turnover flash and expressed in units of chlorophyll molecules per redox equivalent transferred through the electron transport chain, is compiled for different tobacco Table I ) . Hence, for the measurements of the ab sorption changes suspensions of chloroplasts from these mutants with a 4-fold lower total chlorophyll content have been used, in order to allow a direct comparison of the experimental data on the basis of the reaction center concentration. Likewise, the chlorophyll concentration of the Su/su chloroplast suspension was reduced to 33%. The electrochromic absorption changes detected at 520 nm are depicted in Fig. 1 . It is seen that the amplitude drastically decreases in the chloroplasts of the mutants and nearly parallel the size of the photosynthetic units. Practically the same result is obtained at 480 nm (data not shown), but the effect at this wavelength appears to be even more pronounced. Thus, the data of Fig. 1 indicate that there exists as correlation between the size of the photosynthetic unit (PSU) and the amplitude of the electrochromic absorption changes. The overall electrochromic effect of an ensemble of pigments depends on 3 factors: a) the strength of the elec trical field acting on the pigments, b) the orienta tion relative to the electrical field of the permanent electrical dipole moment resulting as the difference between the moments of the excited and the ground state, respectively, and c) the number and type of pigments undergoing an electrochromic bandshift. In spinach chloroplasts it was shown that the amplitude of the electrochromic absorption change at 520 nm linearly depends on the transmem brane electrical gradient Acp generated by vectorial elec tron transfer from the inside to the outside (for rev. s. ref. 1, 2 ). Hence, the first question, which remains to be answered, refers to the extent of the light induced electrical potential gradient Acp across the thylakoid membrane of wild type and mutant chloroplasts. Based on a simple model, Acp can be estimated 13 t o :
Q'l Acp = wherein Q = the number of electrons transferred per electron transport chain, 5 = membrane area per electron transport chain, I = the thickness of the insulating membrane layer and e = the effective dielectric constant of this layer (phospholipid). In our case, Q ( = 2 for single turnover flashes) is constant for the different chloroplasts, because the electron transport chain remains intact, £ and I should be nearly invariant to the size of PSU, if a bilayer array of the same lipids is assumed to build up the insulating layer. Furtherm ore S should not increase, when the bulk pigment content decreases. Therefore, Acp per single turnover flash, symbolized by Acp1, is expected to be nearly invariant. In order to corroborate this rough estimation, the phos phorylation in single turnover flashes (time between the flashes 1 s) was measured, because under these excitation conditions a linear relationship between Acp1 and the average ATP-amount per flash was shown to e x ist2. The experimental data given in Table II clearly show that the ATP-yield per flash remains uneffected by the size of the photosynthetic unit. This favours the above mentioned considera tion of Acp1 to be nearly the same in the different types of chloroplasts. Taking into account Acp1 « const., the simplest explanation for the correlation between the am pli tude of the electrochromic absorption changes and the PSU-size would be provided by the assumption that the number of pigments undergoing an electrochromic bandshift is proportional to the total pig ment content. If one accepts that the electrochromic 520 nm absorption changes arise mainly due to carotenoid bandshifts, whereas at 480 nm chloro phyll b is predom inantly responsible for this ef fect 14, then the more pronounced dependency on PSU-size of the 480 nm change could be rationalized by a variation of the concentration ratio of the dif ferent types of bulk pigments by the genetic m uta tion. Table III compiles the pigment content of the tobacco leaves 15. It is seen that in comparison to the wild type JWB the relative carotenoid content normalized to the total chlorophyll amount is about 1.5 times higher in the mutant Su/su and 2 -4 times higher in Su/su var. Aurea. On the contrary, the relative chlorophyll b concentration is smaller in the mutants. Taking into account the values for the size of the photosynthetic units, given in Table I , these results show, that in young leaves the total num ber of carotenoids per electron transport chain is practically the same in the different tobacco varieties and decreases down to 50% in m ature leaves of Su/u var. Aurea com pared to JWB. A much more drastic effect is observed for the chloro phyll b content. It amounts to only about 25% in young Su/su var. Aurea leaves (in com parison to JWB) and falls down to 15% in fully expanded leaves. A corresponding decrease is also observed for the amplitude of the negative absorption change at 480 nm. This favours the assum ption that the electrochromic effect at 480 nm is m ainly a chlorophyll-b bandshift. On the other hand, the influence on the electrochromic effect at 520 nm is much too pronounced as to be simply explainable by the variation of the carotenoid content in the different mutants. Hence, one can infer that there exist either structural effects leading to a modification of the carotenoid orientation in the mutants or an indirect influence of chlorophyll on the electrochromic carotenoid bandshift, which depends on the number of chlorophyll molecules. The latter assumption would be in accordance with a recent model claim ing the complexation of lutein with chlorophyll-b and chlorophyll-a to be responsible for the pseudolinear electrochromic effect at 520 nm caused by carotenoid 16. If one accepts that only carotenoids complexed with chlorophyll-b (and Chl-a) markedly contribute to the electrochromic 520 nm absorption change and that the degree of complexation is nearly proportional to the chlorophyll concentration, then the correlation between the 520 nm amplitude and the size of PSU becomes understandable, despite of the comparatively high carotenoid concentration. In order to try to clarify the action of the caro tenoids, the effect of antibodies specifically reacting with lutein, neoxanthine, zeaxanthine and /?-carotene, respectively, have been investigated. How ever, none of these antibodies exerted any effect on the 520 nm absorption change in chloroplasts of the wild type tobacco JWB. Hence, it is inferred, that binding of these specific proteins to the thylakoid membrane leading to a partial reduction of the electron transport r a te 17,18 does not seriously modify the structural arrangement as well as the optical properties of the carotenoids which undergo an electrochromic bandshift. Irrespective of the mechanistic details, the present results indicate, that there exists a strong correlation between the ampli tude of the electrochromic absorption changes mea sured at 480 nm and 520 nm, respectively and the size of the PSU. However, the electronic response of the carotenoids appears to be governed by some special type of interaction with the bulk chlorophylls. In this respect, it is very interesting to note latest findings of Akoyunoglou 19 which provide some evi dence for a change of the sign of the electrochromic carotenoid band-shift during the ontogenetic devel opment of chloroplasts. Further experiments are required to clarify the interrelation between the structural organization of the bulk pigments and the electrochromic response of the carotenoids.
